Variation of the local electronic structure at rutile TiO 2 (110) surfaces was studied by scanning tunneling spectroscopy ͑STS͒. Structural surface features such as step edges, (1ϫ2) reconstructed strands, and their terminations were correlated to changes in tunneling spectra. In particular, band-gap states, associated with a reduced surface, showed characteristic variations. In addition, electronic variations due to extrinsic defects are discussed. Nanometer wide protrusions in constant current scanning tunneling microscopy images were identified in STS as local electronic alterations. These features are interpreted to be due to local band bending induced by individual, charged impurity atoms.
I. INTRODUCTION
Rutile TiO 2 (110) is often considered the model system for transition-metal oxide surfaces. Although, owing to this fact, this surface has been widely studied by scanning tunneling microscopy ͑STM͒ and other techniques there is still some discussion on structural features like the (1ϫ2) reconstruction. Furthermore only little is known about the electronic variations related to defects on a local scale.
Reduction of TiO 2 by vacuum annealing results in an n-type semiconductor. Oxygen vacancies act as intrinsic dopants that shift the Fermi-level towards the conduction-band minimum ͑CBM͒. Ultraviolet photoelectron spectroscopy studies of reduced ͑110͒ surfaces show a defect state within the band gap ϳ2.3 eV above the valence-band maximum ͑VBM͒. [1] [2] [3] Resonant photoemission indicates that these states are Ti3d-derived. 4 This and an observed shift of the Ti(2 p) core levels by x-ray photoelectron spectroscopy [5] [6] [7] led to the conclusion that defect states are localized at the Ti sites next to the oxygen vacancies. The surface-defect states can be quenched by exposure of the sample to oxygen at room temperature, 8, 9 which fills the vacancies. 10, 11 Calculations of the electronic structure of TiO 2 (110) [12] [13] [14] [15] showed that the VBM is mainly O-2p derived while the empty conduction band is Ti-3d derived. The bottom of the conduction band at the ͑110͒ surface is formed by the Ti-3d states of the fivefold coordinated Ti atoms due to an electrostatic downward shift of these states. 12 Most theoretical studies of reduced TiO 2 (110) surfaces predict oxygen vacancyderived defect states above the VBM, 16 -19 but there is no accord if these states are split off of the CBM and lie in the band gap or not. The reason for the formation of defect states is that electrons that remain after removal of oxygen atoms are redistributed to the previously unoccupied Ti-3d orbitals. It was projected that in the ground state these electrons are localized at Ti sites adjacent to oxygen vacancies.
14 Calculations by Paxton and Thiên-Nga 12 predict that there is no gap between the defect states and the CBM. Lindan et al. 14 found that the gap state forms a narrow band between 0.71 and 1.8 eV above the valence band with a maximum at about 1.2 eV. In these DFT calculations the band gap was as usually underestimated and a value of 1.9 eV compared to the experimental band gap of 3.1 eV was obtained. Therefore, the absolute values for the gap states are not accurate.
Experimental results of highly reduced TiO 2 (110) surfaces reveal characteristic strands with a minimum spacing that is two unit-cells apart. For a high density of these strands this results in a (1ϫ2) reconstructed surface. The (1ϫ2) reconstructed surface also exhibits filled surface states within the band gap. 20 Various structural models with different stoichiometries are discussed in the literature for this reconstruction. The most widely accepted model is an added row model with a Ti 2 O 3 stoichiometry, which was first proposed by Onishi and Iwasawa. 21, 22 In this model, oxygen atoms are in the same positions as in the TiO 2 substrate but the Ti atoms in the (1ϫ2) rows are only fourfold coordinated and form a distorted tetrahedral arrangement. This model is favored from various STM observations. 21, 23, 24 Furthermore, total energy calculations show that this configuration is stable. 25, 26 Other notable models are missing bridgingoxygen rows at the surface 20 or added rows of the same structure as the TiO 2 substrate with 27, 28 or without [29] [30] [31] [32] bridging-oxygen atoms on the fourfold coordinated Ti atoms. The latter model results in a nominal stoichiometry of Ti 3 O 5 for the added rows. Simple missing bridging-oxygen rows can be excluded most convincingly from noncontact atomic force microscopy studies 32 and from oxygen desorption angular distribution form a (1ϫ2) reconstructed surface. 33 The added row structures with TiO 2 coordination have an increased surface energy and are therefore, not expected to form on stoichiometric TiO 2 crystals, on reduced crystals the situation is however less certain. Furthermore the preparation conditions may influence the structure and composition of the (1ϫ2) strands. It is conceivable that the structure of the (1ϫ2) strands obtained under oxidation conditions where subsurface Ti-interstitials diffuse to the surface and are oxidized to grow these strands 21, 27, 28 are different form (1ϫ2) strands formed under reducing conditions. 23, 29 In fact two kinds of (1ϫ2) strands were observed under oxidation conditions with different corrugations in STM images. The one with a lower corrugation of ϳ1.8Å was assigned to Ti 2 O 3 added rows while rows with a larger corrugation of ϳ2.8 Å were believed to be stoichiometric TiO 2 added rows. 27 The corrugation of the strands should be compared to the terracestep height on TiO 2 (110) of 3.2 Å, which justifies the assignment of the latter strand to be soichiometric TiO 2 . Row structures with the lower corrugation ͑ϳ1.8 Å͒ were also reported by others. 22, 34 Although a recent survey of low-energy configurations for possible (1ϫ2) structures by first principle calculations revealed 36 possible reconstructions 35 it is generally assumed that one of the above-described models explains the surface morphology for the (1ϫ2) reconstruction. However, the existence of these other low-energy isomorphs illustrates the complexity of this surface and allows for the possibility of disorder in the reconstruction or for entirely different structures, which have not been seriously considered yet.
The terminations of the (1ϫ2) reconstructed strands often appear brighter in STM topographic images taken at positive bias voltages. 23 This is interpreted as an increased density of empty states due to a different configuration and/or composition than in the remaining strands, rather than a real topographic variation. Annealing of reduced TiO 2 crystals in an oxygen atmosphere results in the growth of (1ϫ2) strands by surface segregation and oxidation of Ti interstitials. 21, 24 These strands often terminate by ''rosette'' structures. 36 A structural model for these ''rosettes'' based on STM observations 37 and density functional theory calculations 38 was presented. In this model the Ti and O atoms occupy rutile sites with many atoms missing and strong relaxations. The overall Ti/O ratio maintains a TiO 2 stoichiometry in the rosettes.
In addition to intrinsic defects such as oxygen vacancies, extrinsic dopants and͑or͒ impurities can also locally alter the electronic structure and surface properties of oxides. Single subsurface impurity atoms in conventional semiconductors have been observed to give rise to a contrast in STM if these impurities are charged. A review for STM-imaging of subsurface dopants in semiconductor materials was given by Ebert.
39 P-or n-type dopants are negatively or positively charged, respectively. The partially screened Coulomb potential of a single charged impurity causes local band bending which increases or decreases the states available to tunnel into or tunnel out of and thus changes the apparent corrugation in STM. The charge of the dopant atom can only be determined reliably in empty-state images for n-type semiconductors and in filled-state images for p-type semiconductors because of the additional band bending induced by the STM-tip. 39 A positively charged impurity atom ͑n-type dopant͒, for instance, causes a downward band bending in its vicinity. In an n-type semiconductor this results in protrusions in STM images under empty-state imaging conditions, because the downward band bending increases the number of empty-states available and tip-induced band bending shifts the Fermi level into the band gap.
Previous to this communication, only one observation of impurities by STM was reported. 42 In this earlier study bright 42 and thus positively charged dopants. It is, however, possible that the charge state of the dopant depends on the crystal-growth conditions and this may explain the discrepancy in the observations. For substitutional replacement of Ti by group V B elements, i.e., vanadium, niobium, or tantalum, the ''extra'' valence electron may either be trapped on the dopant atom, localized on neighboring Ti atoms, or entirely delocalized. Morris et al. 42 found for Nb that the electrons are localized at Ti atoms. For V-dopants it was found that the electrons are trapped at the dopant atom rather than on host cation sites. 47, 48 The donor states for Nb and V are rather different. Nb-doping give rise to donor states 0.02-0.03 eV below the CBM [43] [44] [45] [46] and are therefore similar to states derived from oxygen vacancies. Vertical ionization energies for V-localized donor states were measured to lie about 2.1 eV below the CBM. [47] [48] [49] [50] Despite the immense popularity of the TiO 2 (110) surface among surface and material scientists there only exist a few reports of local electronic structure measurements by scanning tunneling spectroscopy. [51] [52] [53] Furthermore, many of these studies only probed the empty states of the surface. Here we present spectra in a range between Ϫ2 to 2 V thus probing empty and filled states. Furthermore, spectra were taken on a dense lateral grid allowing monitoring of variations in the local electronic structure of surface features such as step edges and (1ϫ2) reconstructed strands on reduced surfaces. In addition to presenting complementary data to the already well studied intrinsic TiO 2 (110) features first STM data on extrinsic defects in TiO 2 are presented. The influence of single substitutional impurity atoms on the local electronic structure is characterized. Both intrinsic and extrinsic defects are influencing the surface properties and potentially play an important role in the surface chemistry of this material.
II. EXPERIMENT
Sample preparation and characterization was carried out in a single UHV chamber with a base pressure in the low 10 Ϫ10 mbar range. The UHV chamber was equipped with an ion-gun for sample cleaning and low-energy He ϩ ion scattering spectroscopy ͑ISS͒, an energy analyzer for ion scattering spectroscopy, a retractable low-energy electron diffraction screen, and an Omicron UHV-STM-1. Samples were mounted on tantalum plates that allowed transfer from a manipulator into the STM. The manipulator was equipped with a radiative heater that allowed annealing of the sample. The temperature was monitored by a thermocouple mounted on the sample holder of the manipulator. The TiO 2 sample was cleaned by cycles of 1 keV Ar ϩ ion sputtering and annealing to 600-650°C. Cleanliness of the sample was monitored by ISS. The sample had a dark blue color, indicative for an oxygen deficient crystal. 54 STM measurements were performed in constant current mode at room temperature with the sample at positive bias voltages ͑ϩ0.8 to ϩ2 V͒. Attempts to image at negative bias voltages resulted in instable imaging conditions. Electrochemically etched tungsten tips were used. For STS measurements best results were achieved with tips that were additionally cleaned in situ by head-on ion sputtering. Tunneling spectra were taken by varying the bias voltage in a range between Ϫ2 and ϩ2 V. Increasing this range caused destabilization of the vacuum tunneling junction between tip and sample and thus made it impossible to obtain reliable spectra over a larger voltage sweep. STS data were collected simultaneously with topographic images on a dense grid over the area imaged. For collecting I-V curves the tip-sample separation was stabilized at the setpoint values chosen for STM imaging. The presented dI/dV plots are calculated derivatives of the measured I-V curves. Each curve is the average of several spectra selected over areas that displayed the same feature in constant current STM images. Individual spectra that were not reproduced by other dI/dV curves were omitted from calculating the averaged curve. Generally the spectra were closely reproduced within distinct areas. The lateral uniformity of the spectra can be judged from 2D current plots also shown in the figures. Each pixel in these current plots represents the measured current of a single I-V curve at a selected voltage on a 2D lateral grid.
All the STM and STS data presented here were gathered on a single TiO 2 sample. 55 This sample is unique in respect that it is the only sample studied in our laboratory, or reported elsewhere, that exhibited such a high concentration of characteristic nanometer-wide protrusions in STM images. These features are not uncommon in TiO 2 (110) samples, however. 56 The impurities present in the sample were analyzed by secondary ion mass spectroscopy ͑SIMS͒ at the Pacific Northwest National Laboratory ͑PNNL͒. Time-of-flight secondary ion mass spectroscopy ͑TOF-SIMS͒ measurements were carried out on a physical electronics TRIFT II TOF-SIMS using a 69 Ga ϩ source in a high mass resolution mode. In this mode, a 15-kV, 600-pA electrodynamically bunched primary ion beam with Ͻ1 ns pulse width is used. The mass resolution in this analysis mode is m/⌬mϾ9000.
III. RESULTS
The characteristic surface pattern of the TiO 2 (110)-(1ϫ1) surface in STM consists of bright and dark rows corresponding to the sites of fivefold coordinated Ti and bridging-oxygen rows, respectively. Tunneling spectra over both rows were measured in an attempt to discern the differences in the electronic structure of either row. However, in the voltage range accessible in STS no unambiguous differences were observed.
Simulated STM images of the TiO 2 surface showed that under empty-state imaging conditions ͑positive bias voltages͒ the rows of fivefold coordinated Ti atoms appear bright while the geometrically protruding bridging-oxygen rows are imaged as depressions. 25, 26 This is a consequence of the empty states being Ti-3d derived and most of the oxygenderived states lie in the valence band. Furthermore as Paxton and Thiên-Nga 12 pointed out the fivefold coordinated Ti atoms form the bottom of the conduction band at the surface while the density of states of the Ti atoms under the bridging-oxygen atoms are higher in energy. Thus at positive bias voltages the oxygen atoms do not provide states to tunnel into and thus remain largely ''transparent'' in STM imaging. The reduced density of empty states of the sixfold coordinated Ti atoms underneath the bridging-oxygen atoms compared to the fivefold coordinated Ti atoms at the CBM can explain the corrugation in STM images. In order to compensate for the reduced local density of state ͑LDOS͒ at the CBM at the sixfold coordinated Ti atoms the tip moves closer to the surface. The fact that we do not observe any significant difference in STS spectra taken over fivefold coordinated Ti rows and bridging O rows ͑sixfold Ti-atoms͒ at positive bias voltages for set-point values of V Bias Ϸ1 -1.5 V and IϷ1 -3 nA is thus because the differences in the LDOS are ''normalized'' by the tip-sample separation. If one compensated for the apparent corrugation in STM images one would obtain a much-reduced density of state at these sites in concord with the theoretical calculations. However, a quantitative compensation of the tip-sample separation is not possible with the information available.
At negative voltages ͑filled-state conditions͒ one may expect an increase due to the oxygen-derived filled states at the VBM over the O rows. The reduced tip-sample separation at these positions and the protrusion of the bridging-O-rows out of the surface layer should enhance this effect. However, the voltage range is too small to image the VBM that lies 3.1 eV below the CBM, which is close to the Fermi level for n-type semiconductors. Thus even at Ϫ2 V no electrons can tunnel out of the oxygen derived states. Tip-induced downward band bending pushes the oxygen states even further out of reach at negative sample voltages. Thus only defect states within the band-gap are accessed in the voltage range used in this study. Since no large differences were observed between Ti and bridging-oxygen rows we do not distinguish between those regions in the following.
In the following sections we describe the discernable differences in the electronic structure between the (1ϫ1) surface and (1ϫ2) reconstructed strands. Observations of charged subsurface impurities with STM and STS are presented in the last section. Figure 1 shows an STM image of a TiO 2 (110) surface with (1ϫ2) strands as are frequently observed for reduced crystals. 54 The terminations of these strands often appear brighter in STM images. Furthermore, depending on the tunneling parameters and͑or͒ tip conditions some of the strands exhibit either brighter ridges along the center of the strands or two bright rows along the edges of the strands as is apparent from Fig. 1͑a͒ and Fig. 1͑b͒ respectively. This suggests that there are at least three atomic rows along the strands with the center row having a slightly different elec-tronic and͑or͒ geometrical structure than the outer two rows. The corrugation of the strands in the STM images is ϳ1.5 Å, about half of the step height between consecutive ͑110͒ terraces. This is the same height as was reported for strands associated with Ti 2 O 3 added rows. 27 STS spectra were obtained on a similar area of the same surface. These are shown in Fig. 2 together with a constant current STM image and a 2D-current map at Ϫ1.6 V. The STM image ͓Fig. 2͑a͔͒ shows several (1ϫ2) reconstructed strands and also monolayer high steps. Straight step edges running along the ͓001͔ crystallographic direction and less regular step edges consisting of a number of step edge orientations 57 are observed. STS spectra are collected on a grid simultaneous to the STM image. Four distinct areas with different I-V characteristics can be distinguished in this surface region, i.e., the TiO 2 (110)-(1ϫ1) terraces, the (1ϫ2) reconstructed strands, the termination of these strands, and the straight step edges along the ͓001͔ direction. The other step edges do not show any significant differences in the STS spectra compared to the (1ϫ1) terraces and are thus not further interrogated. Characteristic STS spectra of these areas are displayed in Figs. 2͑c͒ and 2͑d͒ . Figure 2͑c͒ shows the full voltage range between Ϫ2 and 2 V. At positive bias voltage, the dI/dV curves measured at the ends of the (1 ϫ2) reconstruction strands exhibit a slightly different behavior than the other spectra taken in the different surface regions. The increased differential conductance value above 1.5 V at the ends of the (1ϫ2) strands is consistent with previous speculations that the bright spots at the end of the reconstructions are due to an increased density of empty states and that this electronic difference is responsible for the brighter appearance of these spots in STM images. The almost identical behavior of the dI/dV spectra of the other regions shows that the observed contrast in STM between (1ϫ2) strands and the (1ϫ1) terraces is mainly topographical at positive bias voltage.
A. Surface reconstructions
Compared to the empty-state spectra at positive bias voltages the differential conductance (dI/dV) is almost an order of magnitude less for the filled-state spectra ͓Fig. 2͑c͔͒ at negative bias. This is expected since the VBM is 3.1 eV below the CBM and thus is not probed in the accessible voltage range. Nevertheless, discernable features in the dI/dV curves in the filled-state region are observed. Since we only access an energy region that lies within the band gap of bulk TiO 2 the observed variations have to be due to bandgap states, i.e., either bulk defect or surface states.
A lateral map of the current measured in the I-V curves at Ϫ1.6 V is shown in Fig. 2͑b͒ . The I-V spectra were taken on a coarser grid compared to the STM image, each pixel in Fig.  2͑b͒ corresponds to a data point in a single spectrum. A comparison between this 2D current map and the topographic STM image of Fig. 2͑a͒ of the same area allows to correlate areas with increased tunneling current at Ϫ1.6 V with (1 ϫ2) reconstructed areas and ͓001͔ step edges.
A detailed view of the filled-state spectra is shown in Fig.  2͑d͒ . The representative spectra of the four regions on the surface can be separated into two groups. Spectra taken on the (1ϫ2) strands and along the straight step edges exhibit similar behaviors and spectra on the (1ϫ1) terraces and the terminations of the (1ϫ2) reconstructed strands appear the same for filled states. One may speculate that the similar STS spectra of the (1ϫ2) reconstruction and the ͓001͔ step edges and their same crystallographic orientation indicate that the
between structural features ͑b͒ 2D current map for the tunneling current measured in STS spectra at Ϫ1.6 V. These spectra were taken simultaneously with the STM image displayed in ͑a͒ and the tip-sample separation was stabilized at the tunneling conditions for the constant current STM image. The lines in ͑a͒ are laid over the current map in ͑b͒ to guide the eye and help to correlate topographic features in ͑a͒ with electronic features in ͑b͒. Areas of the (1ϫ2) strands and the ͓001͔ step edge appear bright ͑high current͒ indicating a high local density of states due to oxygen deficiency. ͑c͒ Comparison of differential conductive curves on different areas on the surface. (1ϫ1), (1ϫ2), the termination of the (1ϫ2) strands and ͓001͔ step edges are discriminated. ͑d͒ Shows a detailed view of the filled states.
͓001͔ step edges preferentially terminate with the same structure and stoichiometry as the (1ϫ2) strands. It is worth mentioning that the only evidence for a step edge with altered stoichiometry arises from STS spectra and is not apparent from the STM images. This is different from a previously discussed step-edge reconstruction of ͓001͔ step edges that was observed by STM studies. 58 The higher differential conductance at below ϳϪ1 V for the reconstructed surface indicates the presence of defect states within the band gap. This is consistent with photoelectron spectra of reconstructed surfaces that show a defect band ϳ1 eV below the Fermi edge. 20 The exact position of the defect band cannot be determined from STS spectra because of tip induced band bending. At negative sample bias voltages the electric field between sample and tip causes a downward band bending, thus defect states appear at lower energies than without external field. The amount of tip induced band bending is difficult to quantify and depends on tip shape and intrinsic doping level, i.e., reduction state, of the TiO 2 sample. No local variations in the STS-spectra on the (1ϫ1) terraces was observed opposing to what is expected from the observation of Ti 3ϩ states in x-ray photoemission spectroscopy studies of the reduced surface 4 that strongly suggests a localization of defect electrons. This apparent discrepancy, however, may just be a result of the limited spatial resolution in STS. On the other hand, the differential conductance in STS on the (1ϫ1) terraces is not negligible in the band-gap region below sample biases of Ϫ1 V. This implies at least a small degree of delocalization of defect electrons uniformly across the surface and͑or͒ bulk at 300 K.
In summary, it was observed that the reconstructed areas, both the (1ϫ2) strands, as well as ͓001͔ step edges, have an increased number of filled defect states compared to the reduced (1ϫ1) surface. The terminations of the (1ϫ2) strands that often appear brighter in STM images have an increased density of empty states above ϳ1.5 V but do not exhibit the same increased band-gap states as the remaining strands. This indicates that the terminations of the strands have a different configuration and͑or͒ stoichiometry than the rest of the strands.
B. Charged subsurface impurities
A representative STM image of the sample studied here is shown in Fig. 3 . In addition to the commonly observed features at TiO 2 (110) surfaces this sample exhibits 2-3 nm wide circular protrusions superimposed on the atomic-row structure of the surface. This is a feature only observed in a few samples studied in our laboratory and usually in much lower concentrations. Furthermore, no reports in the extensive literature available on TiO 2 (110) surfaces discussed such features previously. The STS spectra shown in Fig. 4 identify these features as local electronic variations. This and the close similarity of these protrusions with those observed for subsurface charged dopants in other semiconducting materials led us to conclude that the protrusions observed here are also due to single, charged subsurface impurity atoms. For n-type semiconductors only positively charged impurities appear as protrusions in empty-state images. 39 Thus we can unambiguously assign a positive charge to the impurities that cause the observed protrusions.
By counting the number of protrusions in STM images like those shown in Fig. 3 the concentration of the impurities can be determined. If we assume that the imaged protrusions arise from impurities within the top three layers, we obtain an impurity concentration of about 10 Ϫ4 . In an attempt to identify the impurity responsible for the protrusions in STM, TOF-SIMS was performed. The only impurity that showed a higher concentration in the sample with protrusions compared to a reference sample, which did not show the same characteristic protrusions in STM, was vanadium. A more detailed analysis showed that the vanadium was concentrated either in inclusions in the sample surface or as contamination on top of the surface. Thus an unambiguous identification of the impurities that give rise to the observed contrast in STM cannot be made from the SIMS analysis. Nevertheless, diffusion of vanadium from inclusions or surface contaminates is likely and thus a vanadium contamination of the TiO 2 crystal is possible.
STS spectra show a complex spatial and energy dependence at impurity sites. The constant current STM image in Fig. 4͑a͒ shows an area with several subsurface impurities. The four bright spots at the surface are not further specified contaminations. The subsurface impurities give rise to more subtle height modulations in the topographic image. These impurity sites are more clearly distinguished in lateral current maps at selected voltages of the I-V curves. Such images are shown in Fig. 4͑b͒ and 4͑c͒ for 0.74 and Ϫ2 V bias voltages, respectively. At 0.74 V the signature of the impurities are shallow depressions, i.e., areas of reduced current. At Ϫ2 V the impurity signature is more distinct. Impurities exhibit a characteristic ring structure, with a dark ͑low cur- rent͒ region in the center surrounded by a bright ͑high current͒ ring. Note that although the contamination particles at the surface also show up in the 2D current maps, they do not exhibit the same ring structure but are rather imaged as regions of low current only and thus can be easily discriminated from subsurface impurities. The ͓001͔ step edge in the upper left corner shows again the characteristics for a reconstructed step edge as was discussed in the previous section and thus appears bright ͑high current͒ at Ϫ2 V in Fig. 4͑c͒ .
As mentioned above the reason why these impurities are imaged in STM is localized band bending induced by a positively charge impurity. The downward band bending due to the partially screened Coulomb potential can shift the CBM down to the Fermi level. This increases the electronic states available to tunnel into at positive bias voltages and thus causes the protrusions in the apparent height in constant current STM images. This mechanism is schematically illustrated in Fig. 5͑a͒ . The impurities appear as depressions in the 2D current maps at 0.74 V because of the increased tipsample separation above the impurities. Thus, although more empty states are available at impurity sites an increased tipsample separation at these sites causes a reduced tunneling current at a voltage lower than the set-point voltage. This behavior is also apparent from the dI/dV plots in Fig. 4͑d͒ . At low positive bias the differential conductance is lower at impurity sites and only at higher bias this trend is inverted.
The somewhat surprising ring structure in the 2D current map at negative bias can also be explained by considering band-bending effects only. The center region of the impurity sites exhibits a very low differential conductance in the energy-region probed by STS ͓see Fig. 4͑e͔͒ . This is consistent with a downward band bending that pushes the defect states below the energy probed by STS. Since the downward band bending is attenuated once the CBM is bent below the Fermi level no continuous lateral variation of the band bending is expected. A schematic drawing of impurity induced band bending and its effect on the tunneling current at negative bias voltages is shown in Fig. 5͑b͒ . In the region far away from the charged impurity the occupied defect states are closer to the Fermi level. Since only the filled states between the Fermi level and the applied bias voltage (e ϫV Bias ) contribute to the tunneling current, and states closer to the Fermi-level contribute more, a higher tunneling current is observed for these regions than the region directly above a defect where the occupied density of states are bent away from the Fermi level. In a transition region, where the bands are bent downwards the filled defect states are occupying most of the energy region between the Fermi level and eϫV Bias . This alone may explain the increased tunneling current that is observed in the ring around the impurity at negative bias voltages as is observed in Fig. 4͑e͒ .
In addition, to the band bending caused by the charged defect, band bending induced by the STM-tip may contribute critically to the features observed in Fig. 4 . At negative sample bias the field between the tip and the surface causes a local downward band bending. For a uniform surface the bands shift by the same extent everywhere across the surface. If there is a nonuniform charge carrier concentration then the field between tip and surface will be screened with different efficiency. This results in less tip induced band bending in regions with more free electrons available. In the case discussed here such regions exist around the positively charged impurities. In these regions the CBM is close or below the Fermi level and thus states in the conduction band are occupied. These electrons partially screen the charge of the positively charged impurity. It is however, conceivable that if the STM tip is in the vicinity of the impurity these charges shift to screen the electric field of the tip. This reduces the downward band bending due to the tip at negative sample voltages in a ring around the defect site. Thus the defect states lie closer to the Fermi level, which results in a higher tunneling current ͓Fig. 5͑c͔͒.
IV. DISCUSSION
Combination of STM and STS allows correlation of structural features with features of altered electronic properties. FIG. 4 . STM, 2D current maps, and differential conduction curves for subsurface impurity atoms. ͑a͒ Constant current STM image (31 ϫ14) nm 2 , V Bias ϭϩ1.4 V, Iϭ1.9 nA. ͑b͒ and ͑c͒ show 2D current map for the tunneling current measured in STS spectra at ϩ0.74 and Ϫ2 V respectively. These spectra were taken simultaneously with the STM image displayed in ͑a͒ and the tip-sample separation was stabilized at the tunneling conditions for the constant current STM image. ͑d͒ Comparison of differential conductive curves in different regions around the impurity atoms. Three regions, which are easily distinguished in ͑c͒, are discriminated: the center region, a ring around this region and the remaining (1ϫ1) terraces. ͑e͒ Shows a detailed view of the filled states.
STS spectra were taken with the tip-sample separation stabilized at conditions used for STM imaging, i.e., at positive bias voltages and set-point current. Therefore, the tip-sample separation is not constant across the surface but varies with local alterations in the empty states. For instance, if the available density of empty-states decreases the tip is drawn closer to the surface to maintain the set-point tunneling current. This behavior has two consequences. First, since the tip-induced band bending depends on the tip-sample separation a variation of this separation also causes local variations in the tip-induced band bending. Second, because the tunneling current is exponentially dependent on the tip-sample separation a change of this separation due to an altered density of empty states will influence the measured tunneling current for filled states in STS. Thus an increased tunneling current in STS for filled states ͑negative bias voltage͒ may be due to a decreased tip-sample separation or an increased density of filled states. New features in STS spectra, like for example, peaks in the band gap in Fig. 2 , can however not be explained by a changed tip-sample separation but have to be associated with new electronic states.
In the following, remaining implications of the STS spectra of the rutile TiO 2 (110) surface are discussed and arguments for the likely origin of the charged subsurface defects are presented.
A. Intrinsic surface defects
The (1ϫ2) reconstructed strands and ͓001͔-oriented step edges showed an increased differential conductance below ϳϪ1 eV. This is associated with defect states within the band gap due to oxygen deficiency of the reconstruction with respect to the stoichiometric rutile TiO 2 (1ϫ1) surface.
The apparent height in STM images of the (1ϫ2) strands is consistent with the height expected from Ti 2 O 3 rows. 26 For Ti 3 O 5 rows larger corrugations, similar to the step-height of terraces, would be expected. On the other hand, STM observations like the presence of the apparently three atomic rows along the (1ϫ2) strands ͑Fig. 1͒ are easily explained by the Ti 3 O 5 added row model that exposes three coplanar, slightly differently coordinated Ti rows along the reconstruction.
The additional information of the electronic structure of the (1ϫ2) strands gained from STS studies should be compared to predicted electronic structures for the different structural models of the (1ϫ2) reconstruction. A simple missing row model cannot explain the observations because no change between (1ϫ1) terraces and (1ϫ2) strands were observed for the density of empty states, i.e., in the conduction band. Thus the features observed in empty-state STM images must be real topographic features. The increased number of defect states below the Fermi level is related to an increased number of oxygen vacancies or an increased Ti/O ratio. This leaves the added row models with a Ti 2 O 3 and a Ti 3 O 5 stoichiometry possible but renders a TiO 2 added row model as unlikely because the latter is expected to resemble closer the electronic structure of a (1ϫ1) surface. There are no detailed electronic structure calculations of the Ti 3 O 5 added row model, but since this structure essentially is a two unit cell wide rutile structure with the bridging-oxygen atoms removed, one may use the calculations for reduced TiO 2 (110) surfaces for comparison with the STS measurements. In such calculations Paxton and Thien-Nga 12 find that the states formed due to the removal of bridging-oxygen at- FIG. 5 . Schematic diagram of the band bending induced by a positively charged impurity atom and the resulting tunneling current for ͑a͒ positive bias voltage ͑empty states͒, ͑b͒ negative bias voltage ͑filled states͒, and ͑c͒ if tip-induced band bending is taken into account for negative bias voltages. The partially screened Coulomb potential around the positive charge causes a local downward band bending which is attenuated if the Fermi-level coincides with the CBM. This results in an increased density of empty states near the Fermi-edge close to the positive charge ͑impurity atom͒ and thus an apparent protrusion in empty states STM images. The downward shift of the defect states close to the impurity causes a narrow region for which an increased number of defect states are available this alone may explain the observed ring structure ͑b͒. An increased number of free electrons around the defect site allow screening of the tip-induced downward band bending and thus shifting the defect states closer to the Fermi level. This results in an increased tunneling current in a ring around the defect at negative sample bias ͑c͒. For the terminations of the added row strands it is observed that these exhibit less defect states but have an increased density of empty states. This implies that the tipsample separation is increased at these sites and thus the bright spot at the end of reconstruction strands observed in STM is likely due to be electronic effects rather than a real topographic protrusion. As is outlined above such an increased tip-sample separation may explain the reduced tunneling current at negative bias voltage compared to the remainder of the reconstruction strand. An increased density of empty-states constitutes a change of the conduction band and not merely the introduction of defect states and thus suggests a different atom constellation compared to the remainder of the reconstruction strand, as well as the (1ϫ1) rutile surface. The ''rosette'' structure 36 -38 that was obtained by oxidation of reduced surfaces may appear as a possible candidate also for the termination of the (1ϫ2) strands studied here. However, electronic structure calculations for these rosette structures indicate a widening of the band gap and a shift of the CBM to higher energies. This conflicts the STS results, which suggest more empty, density of state ͑DOS͒ close to the Fermi level. Thus the ''rosette'' structure can be excluded as the origin of the bright spots at the termination for the (1ϫ2) strands obtained by reduction of the crystal by vacuum annealing. Again, a more systematic theoretical treatment of possible structures is needed for comparison to the STS data. Independent from which model describes the surface structure correctly the STS studies have shown that the (1 ϫ2)-reconstructed strands have more defect states within the band gap. Such defect states play an important role in the chemical activity of oxide surfaces. 59, 60 Molecules can hybridize with these band-gap states and this in turn may initiate bond scission. Thus the local variation of the electronic structure may be associated with a variation of the chemical activity of the surface.
B. Charged subsurface impurities
Charged subsurface defects leave a characteristic signature in STM and STS that can be explained by localized band bending alone. No information about impurity atom induced defect states was obtained form the STM or STS data. STM studies of dopants in semiconductors are usually done on surfaces cleaved in situ. This technique avoids cleaning of the sample by high-temperature vacuum annealing and thus the associated diffusion and segregation of dopants. The fact that the impurities studied here can be imaged after extensive sputtering and annealing cycles indicates that the impurities are stable and do not segregate to the surface or diffuse deeper into the bulk.
Obviously STS does not allow determining the chemical origin of the impurities/defects. Intrinsic defects such as subsurface oxygen ion vacancies could trap charges and thus potentially give rise to similar observations in STM. However, such defects are expected to exist in all TiO 2 samples, but the protrusions in STM images reported here are only observed on certain TiO 2 samples. Thus, it is much more likely that the observed features are caused by extrinsic defects. Since these defects are positively charged impurities we may speculate that they consist of an element of higher valency than Ti. Upon substitutional replacement of Ti by the impurity atom one or more electrons can then be delocalized and thus form a positively charged impurity atom. From these considerations one may expect group V B elements such as V, Nb, and Ta as the impurities. The rigorous cleaning of the sample by annealing and sputtering cycles results in surface segregation of most impurities present in the crystal. In particular larger atoms that cause significant elastic distortion of the host lattice are prone to segregate to the surface. Thus Nb and Ta are less likely to be the source for the impurities while V may be stable at substitutional Ti sites. Also, there was no Nb or Ta detected in SIMS analysis of the sample. Thus we render V as the most likely candidate for the impurities observed on our sample. Such an observation would however call into question previous findings 47, 48 that the extra electron is trapped at the V-dopant site. If this was the case it could not be imaged in STM as a charged defect.
V. CONCLUSIONS AND OUTLOOK
Local variations of the electronic structure on reduced surfaces were examined by STS. The characterization of the local electronic structure is of relevance to understand the global chemistry of these surfaces. TiO 2 is of particular interest because of its importance as a photocatalyst. The use of extrinsic dopants to enhance the properties of such catalysts are often discussed. [61] [62] [63] In this context, the influence of the subsurface impurities on the adsorption of chlorine atoms on this surface have been studied and will be presented in a forthcoming communication. 64 In this article, both the influence of intrinsic and extrinsic defects on the electronic structure is discussed. An oxygen deficiency gives rise to defect states within the band gap and are observed in STS as an increased differential conductance below ϳϪ1 V. Local reconstructions like (1ϫ2) strands and ͓001͔ step edges show an increased defect state level due to an increased oxygen deficiency. The termination of the (1 ϫ2) strands exhibits a lower defect state level but an in-creased density of empty states compared to the remainder of the strands and thus indicating a different atomic structure.
Single, charged, subsurface impurity atoms cause a local band bending that results in 2-3 nm wide protrusions in empty-state STM images. From this observation a positive charge state of the impurity atoms is derived. These impurities also have characteristic STS signatures that allow an easy identification of these charged impurities. Thus this technique is promising to provide experimental evidence for the often disputed charge state of individual dopant atoms in oxides and the localization of electrons at these defects.
